An aluminum hemispherical cavity ͑diameter: 11.1 mm͒ was used to confine plasmas produced by a KrF excimer laser in air from a steel target with a low concentration manganese in laser-induced breakdown spectroscopy. A significant enhancement ͑factor Ͼ12͒ in the emission intensity of Mn lines was observed at a laser fluence of 7.8 J / cm 2 when the plasma was confined by the hemispherical cavity, leading to an increase in plasma temperature about 3600 K. The maximum emission enhancement increased with increasing laser fluence. The spatial confinement mechanism was discussed using shock wave theory.
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Laser-induced breakdown spectroscopy ͑LIBS͒ has proven to be one of the most versatile analytical techniques during the past decade. 1 LIBS has many advantages including the ability to detect all elements, capability of simultaneous multi-element detection, simple or no sample preparation, real-time analysis, simple design for field deployment, nearly nondestructive, in situ and remote analysis, etc. 2 In recent years, successful applications of LIBS has been found in many areas, such as chemical and biological hazards analysis, artwork detection and space exploration. 3 However, one of the major challenges of LIBS is its low detection sensitivity when detecting low concentration elements. 4 Continuous investigations have been made to improve the sensitivity of LIBS, for instance, multiple-pulse excitation, introduction of chamber and ambient gas, and so on. 5, 6 Aside from the methods mentioned, a cost-effective and facile approach is the spatial confinement of plasmas, which can easily improve the detection sensitivity of LIBS. Together with the generation and expansion of laser-induced plasmas in air, shock waves will be produced. During the shock wave expansion, it will reflect back when encountering some obstacles and compress the plasma plume. 7 The compressed plasma leads to an increased collision rate among the particles, resulting in an increased number of atoms in high-energy states, hence an enhancement of emission intensity. In recent years, the spatial confinement in LIBS has been studied by several groups for main matrix elements, a previous work of Al plasmas by cylindrical pipes in the air has been studied by Shen et al. 8 which confined the laser plume only from side directions. Popov et al. 9, 10 reported the confinement effect of iron plasmas created in a small capped cylindrical chamber whose size is comparable to the plasma plume. In this study, our main aim is to investigate the enhancement of lines from low-concentration elements using hemispherical confinement of plasmas in LIBS. Laser-induced plasmas were produced and confined within the hemispherical cavity. The optical emission spectra ͑OES͒ of the plasmas and the temperature of the plasma plumes were investigated to study the evolution of the plasmas.
The schematic diagram of the experimental setup used for the OES measurements is shown in Fig. 1 . A KrF Excimer laser ͑Lambda Physik, Compex 205, wavelength: 248 nm, pulse duration: 23 ns͒ that could deliver a pulse of 100-600 mJ was used in this study. The laser was operated in the external trigger mode for synchronization. The laser beam was reflected by a reflector and a dichroic mirror, respectively, which were placed at an angle of 45°to the laser beam. The dichroic mirror is reflective to the laser beam but transparent to the other wavelengths studied. The laser beam was focused by a UV-grade quartz lens ͑L1͒ of a 15 cm focal length, through a 2 mm hole at the top of the hemispherical cavity ͑diameter: 11.1 mm͒ to the Fe target. The hemispherical cavity with a polished internal surface was placed tightly on the surface of the fixed Fe target, where the ablated plume was generated at the center of the hemisphere. The experiment was performed in open air. The emission lines from the laser-induced plasmas were collected through the top hole, then coupled to an optical fiber by the lens L1 and another UV-grade quartz lens L2 ͑focal length: 6 cm͒. The plume a͒ Author to whom correspondence should be addressed. size was about several millimeters, we only studied the optical emissions at the center of the plasmas where the brightness was the most intense. The optical fiber with a core diameter of 100 m was coupled to a spectrometer ͑Andor Tech., Shamrock 303i͒. The spectrometer has three gratings of 150 lines/mm, 600 lines/mm, and 2400 lines/mm, respectively. The spectral resolution for the 2400 line grating is 0.05 nm. A 512ϫ 512 pixel intensified CCD ͑Andor Tech., iStar, DH-712͒ was attached to the exit focal plane of the spectrograph and was used to detect the spectrally resolved lines. The intensified CCD detector was operated in the gated mode. The gate delay and gate width can be adjusted so that the spectra at different time delays after the laser pulse can be obtained. Data acquisition and analysis were performed using a computer. The steel target ͑NIST 1262B͒ with a manganese content of 1.05% was used in this study.
The temporally resolved and the time-integrated emission spectra of the laser-induced steel plasmas were measured with and without the presence of the hemispherical cavity, as shown in Figs. 2͑a͒ and 2͑b͒ , respectively. The laser beam was focused to a spot size of about 2.0 ϫ 1.0 mm 2 . The laser fluence was 6.4 J / cm 2 . The spectra were accumulated for 30 pulses to reduce the standard deviation. Figure 2͑a͒ shows the temporal evolution of the emission intensity of Mn atomic lines ͑Mn I at 403.08, 403.31, and 403.45 nm͒ with ͑square dots and solid curve͒ and without ͑circle dots and dotted curve͒ the presence of hemispherical cavity. The emission intensity was acquired by calculating the total area from 402.8 to 403.8 nm. During the time period from 10 to 16 s, the Mn atomic lines were significantly enhanced when the hemispherical cavity was present, and the maximum enhancement factor ͑about 12͒ occurred at a time delay of 12 s. The time-integrated OES spectra of Mn were obtained to study the enhancement effect. Figure 2͑b͒ shows the Mn lines in the LIBS spectra in a spectral range from 398 to 408 nm with ͑solid curves͒ and without ͑dotted curves͒ the cavity. The gate delay and gate width were 10 and 6 s, respectively. The spectral lines of atomic Mn were clearly observed and the enhancement factor was more than 10. The transition configurations for these three Mn atomic lines are 3d 5 4s 2 -3d 5 ͑ 6 S͒4s4p͑ 3 P o ͒, where the 3d 5 4s 2 is the ground state of Mn atom. The emission intensity is proportional to the transition probability and the population density of the excited atoms. Since the transition probability for the emission is unchanged, the enhancement effect is attributed to the increase in the population density of the excited atoms caused by the hemispherical confinement effects. When the plasma was generated, the drastically increased pressure around the plasma induced a localized shock wave. The shock wave usually spreads out as a spherical wave, and the propagation velocity is much higher than the sound velocity. When the spherical wave encountered the hemispherical cavity, it was reflected by the cavity wall and traveled back toward the plasma center. As a result, the plasma was uniformly confined to a small size, causing the increases in the plasma density and temperature at the center region, consequently the enhancement of the emission intensities from the elements contained in the plasma. In addition to Mn, enhancement of emission intensity from other low-concentration elements, such Cu ͑0.51%͒ and Al ͑0.081%͒ is similarly high.
The enhancement effect depends on the laser energy. Figure 3 shows the temporal evolution of intensities from Mn atomic lines with the presence of the hemispherical cavity under different laser fluences of 7.8, 6.4, 4.8, and 3.1 J / cm 2 . As the laser fluence decreased, the time delay for the maximum enhancement increased to 10 s, 12 s, 14 s, and 16 s, respectively, while both the time period and the maximum factor of the enhancement decreased. The delay of the occurrence of the maximum enhancement is because the speed of the shock wave is directly proportional to the value of the laser fluence. A low laser fluence produces a slow shock wave which needs a longer traveling time to compress the plasma. At the same time, the energy of the shock wave declined, therefore the time period of the enhancement and the maximum enhancement factor also decreased as the laser fluence decreased from 7.8 to 3.1 J / cm 2 . A low laser fluence produced a low energy shock wave, resulted in a less intense plasma, and a less effective spatialconfinement effect.
Electron temperatures of plasmas can be deduced from the OES spectra. According to the local thermodynamic equilibrium assumption, the plasma temperature can be deduced from the Boltzmann plot equation. The main composition of the plasma was iron atoms. Therefore, the spectral lines of Fe I 371.99, 373.49, 374.56, 375.82, and 376.38 nm were selected to calculate the plasma temperatures. As shown in Fig. 4 , the electron temperatures of the plasmas during 4 -22 s varied from 4600 to 13 600 K, it rose by about 3600 K during 6 -10 s when the cavity was present, then decreased from 13 600 to 4600 K during 10-22 s. The electron temperature peaked at the delay time of 10 s. However, the plasma temperature decreased monotonically without cavity. Therefore, the maximum temperature of the plasma plume is consistent to that of the maximum enhancement of the Mn atomic lines with the same laser fluence of 7.8 J / cm 2 . In summary, the spatial confinement effects using a hemispherical cavity in LIBS were investigated. The significant enhancement in emissions of the low-concentration Mn atomic lines was observed. The maximum enhancement factor for the Mn atomic lines reached about 12 at a delay time of 12 s at a laser fluence 6.4 J / cm 2 . The maximum enhancement increased with increasing laser fluence from 3.1 to 7.8 J / cm 2 , and appeared in a time range from 10 to 16 s. When the laser fluence was set at 7.8 J / cm 2 , the maximum enhancement appeared at a time of 10 s. The temperature increased about 3600 K during 6 -10 s. The spatial-confinement effect is attributed to the reflection of the shock wave by the hemispherical wall and plasmas compression. This facile approach of using a hemispherical cavity to confine plasmas has the potential to improve the measurement sensitivity in LIBS analyses. FIG. 4 . ͑Color online͒ Electron temperatures of laser-induced steel plasma as a function of time delay, at a laser fluence of 7.8 J / cm 2 with ͑square dots and solid curve͒ and without ͑circle dots and short dotted curve͒ the hemispherical cavity.
